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SUMMARY 

During the  course of t h i s  con t r ac t ,  monocrystall ine f i lms  o f  ZnTe and 
ZnSe were produced over l a rge  a reas  by e p i t a x i a l  deposi t ion i n  vacuum. 

A new method of chalcogene evaporation w a s  o r ig ina ted  which permits 
c lose  Control of the  polymerism i n  the  vapor s t a t e  and thereby the  po in t  
de fec t  dens i ty  . 

Two forms of he te ro junc t ion  were inves t iga ted  and produced over la rge  
are.??; both w e r e  operable a t  room temperature i n  scotopic  conditions.  

I t  can be concluded t h a t  as b e t t e r  hold on the 1 1 - V I  compounds tech- 
nology i s  gained, the g rea t e r  the p o t e n t i a l  of t h e i r  appl ica t ion  w i l l  become 
towards use fu l  e l e c  troluminesceqt devices. 
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Ma'yuardt LVRHMATION VAN NUIS. CALIFORNIA 

INTRODUCTION 

The main goal of the con t r ac tua l  e f f o r t  described i n  t h i s  r e p o r t  i s  
to develop l a rge  hos t  c r y s t a l s  and i n v e s t i g a t e  the formation of e l ec t ro -  
luminescent p-n junct ions i n  1 1 - V I  compounds. 

The l a t e n t  i n t e r e s t  i n  wide band gap compounds i s  mit igated by many 
d i f f i c u l t i e s  i n  t h e i r  exp lo i t a t ion ,  The p r i n c i p a l  obs t ac l e s  p e r t a i n  t o  s i z e s  
of c r y s t a l s  a v a i l a b l e ,  polymorphism, s toichiometr ic  d e f e c t s  and self-compen- 
sation. 

The s m a l l  monocrystals dimensions con t ro l  the range of p r a c t i c a l  de- 
v i c e s ,  whereas l i g h t  output  and e f f i c i e n c y  depend on the polymorphism, the 
p o i n t  d e f e c t s  and s e l f  compensation. 

Both polymorphism and po in t  d e f e c t s  de r ive  from processing technology 
and are suscep t ib l e  t o  con t ro l ,  while s e l f  compensation i s  a c h a r a c t e r i s t i c  
of the  1 1 - V I  compounds which cannot be d i sc ip l ined ,  

Self  compensation prevents  amphoteric conductivity i n  a l l  b u t  one of 
the  1 1 - V I  compounds viz.  CdTe, which has a too narrow band gap f o r  our 
purpose. 
the  formation of an e f f i c i e n t  homojunction. U n t i l  such shortcomings are 
overcome less e f f i c i e n t  electroluminescent devices can be expected from 
some form of heterojunction. 

A s  a r e s u l t ,  l o w  and unequal p & n carriers concentration preclude 
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Maryuardt LVR/Wt4TION VAN NUYS.  ChLlfOlNIA 

EXPERIMENTAL WORK 

Background 

The production of 11-VI compounds i n  la rge  monocrystals from the  l i qu id  
phase i s  made d i  f i c u l t  by the high vapor pressure of the  elements a t  t h e i r  
melting poin t ,  ( l fW 

I n  the  com ounds of i n t e r e s t  viz.  ZnTe and ZnSe, the  high temperatyre 
of formation(3)?4) imposes severe l i m i t a t i o n s  on c ruc ib l e s  and containers  
usable f o r  t h e i r  growth(5)(6). An a l t e r n a t i v e  method used by growing the  
c r y s t a l s  from the  vapor phase(7)(8) y i e l d s  small c r y s t a l s  of ten present ing 
numerous d i s loca t ions  and inclusions.  

Since the  thickness  of any p a r t  of a junct ion i s  by necess i ty  compara- 
t i v e l y  s m a l l ,  the  e p i t a x i a l  growth over la rge  a reas  i s  obviously a tempting 
so lu t ion ,  The work published t o  da te  on e p i t a x i a l  deposi t ion i s  scarce and 
genera l ly  involves  a subs t r a t e  of i d e n t i c a l  specie(9).  In  t h i s  p a r t i c u l a r  
re ference  one of the c r y s t a l l i n e  compounds i s  used a s  a subs t r a t e  f o r  epi-  
taxing the  o the r  component from i t s  vapor; t h i s  leaves the problem of a rea  
unre solved. 

ZnTe has been deposited e p i t a x i a l l y  from the  vapor i n  vacuum(lO) on 
L iF  and CaF2, b u t  f i lms  so produced a r e  sa id  to  pee l  e a s i l y  from t h e i r  sub- 
s t r a t e  s. 

Sub s t r a t e s  Preparat ion 

Two types of subs t r a t e  were extensively used during t h i s  work, C a F 2  

2 3  

c r y s t a l s  purchased from Isomet Corporation, Pa l i sades  Park, N, J, ,  and 

Torrance, Cal i fornia .  
A 1  0 purchased from Union Carbide Corporation, Elec t ronic  Division, 

The same cleaning procedure w a s  appl ied t o  a l l  c r y s t a l s  p r i o r  t o  and 
a f t e r  etching. 
f o r  5 minutes, r insed  severa l  t i m e s  i n  deionized water, followed by alcohol 
r i n s e  and forced a i r  drying. 

The s u b s t r a t e s  were u l t r a s o n i c a l l y  cleaned i n  Tr i ton  100 X 

The CaF2 c r y s t a l s  1" x ltt x 0.25" w e r e  cleaved t o  around 0.0401' thiek- 
ness  and etched i n  H3 Po4 heated a t  1650C. The <111> etch  p a t t e r n  obtained 
a f t e r  20 minutes i s  shown i n  Figure 1. The CaF2 c r y s t a l s  a r e  very s e n s i t i v e  
to thermal shock and g r e a t  care  had t o  be exercised i n  order  t o  avoid 
sha t t e r ing  of the  p l a t e l e t s ,  
ca re fu l  r i n s e  i n  water and alcohol ,  the  s u b s t r a t e s  were immediately trans- 
f e r r e d  t o  the  vacuum chamber, 

After  c leaning the  etched c r y s t a l s  and a 

3 



a r y u a r d f  WRRJRATION VAN NUIS, CALIfOINIA 
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Figure 1 
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Two types of flame fus ion  sapphire c r y s t a l s  were purchased, 1" x 1" x 
0.04" and d i s k s  of 0.5" diameter, 0.015" thick. 
o r i en ted  i n  <1125> plane and f o r  the d i s k s  i n  <0001> plane. 

They were r e spec t ive ly  

Occasional f i n e  scratches,  remaining from the  diamond powder po l i sh ,  were 
s t i l l  v i s i b l e  under high magnification. 

FB, N o  e tching w a s  attempted on the  <11TO> c u t  c r y s t a l s ,  while 
<0001> w e r e  thermally etched i n  a f luo r ina t ed  hydrocarbon vapor . 

The d i s k s  w e r e  placed on a carbon susceptor and introduced i n  a Vycor 
tube 1" 1 . D -  
and heated progressively t o  95OoC, under a s m a l l  flow of dry argon. 
thermal equilibrium w a s  achieved, a flow of 5 m l  min-l of C2C12 F4 (Freon 114) 
from the  Matheson Co,, w a s  introduced and the flow of argon Cut of f .  

The Vycor tube w a s  f i t t e d  i n  a tubular  furnace, w e l l  ven t i l a t ed  
When 

Af te r  cooling t o  room temperature, t h e  cleaning procedure w a s  agairr 
applied t o  the  d i s k s ,  p r i o r  t o  their introduct ion i n  the  vacuum chamber. 

A 35 minutes e t c h  p a t t e r n  of the <0001> cu t  i s  shown i n  Figure 2. 

Vacuum Equipment 

The vacuum system comprised a s i x  inch d i f fus ion  pump with a double 
b a f f l e ,  one w a t e r  cooled the o the r  cooled with l i q u i d  nitrogen. 

Two add i t iona l  pumps w e r e  at tached t o  the 18" metall ic b e l l j a r ,  both 
from Varian Associates,  one a t i tanium sublimation pump and the o the r  an 
18 l i t e r s  ion pump. A Veeco mass spectrometer w a s  mcunted on the s ide  of 
the b e l l j a r  wi th  a high vacuum i s o l a t i o n  valve of l a rge  aperture. The ax is  
of the  m a s s  spectrometer made an angle of 30° with the normal t o  the caax- 
i a l  gap of the evaporating sources, Figure 3. 

Af t e r  degassing the  system f o r  8 t o  10  hours a t  150°C, the r e s i d u a l  
pressure,  measured with a nude ion gauge, never exceeded t o r r s ,  i n  
the  vacuum enclosure,  p r i o r  t o  each evaporation, Figure 4. 

Besides N 2  and CO2, which are the main con t r ibu to r s  t o  the background 
pressure,  the r e s i d u a l  gases  c o n s i s t  mostly of t he  dienes C3H3, from crack- 
ing  of t h e  Corning 702 s i l i c o n  o i l .  
tude of t he  residue measured a t  t o r r s  a f t e r  thorough degassing. 

Figure 5 r ep resen t s  the  m a s s  and magni- 

Thc sources used f o r  evaporation w e r e  of the  type described previously 
except f o r  minor modifications t o  the ionizing 

Instead of thermally ionizing ' the evQlving chalcogene a t  around 
(Referred t o  i n  Appendix I) 
sys tem.  
3Q00°K, the  temperature of the concentric f i lament  w a s  lowered t o  about ZOOo 
above the m e l t ' s  temperature. A p o t e n t i a l  of approximately 300 v o l t s  w a s  

5 
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appl ied between the tho r i a t ed  tungsten f i lament  and the  w a l l  of the  Se 
crucible .  The diode cu r ren t  w a s  adjusted between 200 t o  300 milliamps, 
This c o l l i s i o n  approach i n  breaking the  atomic c l u s t e r s  of the chalcogene 
polymers(l) has shown the evolving vapor t o  be e s s e n t i a l l y  monomeric, 
Figure 6, 
of m a s s  78 and 80 of Se, comes from the r e s idua l  pressure of cfj H6 of benzene 
shown i n  Figure 5. 

The a c t u a l  discrepancy observable between the  isotope amplitude 

The output  of P t  Rh and ion-constantan thermocouples attached t o  sources 
and s u b s t r a t e  h e a t e r  control led the  r e spec t ive  temperatures t o  within + 1Oc. 
A good thermal contact  w a s  assured between subs t r a t e s  and hea ter ,  the z r o p  
i n  temperature due t o  s u b s t r a t e  thermal conductivity w a s  accounted for.  

Vapor Deposition 

Thermodynamic t h i r d  l a w  method w a s  applied i n  ca l cu la t ing  t o t a l  and 
p a r t i a l  pressures  from, 

* H298 Afef  + 'p 
I 

4.576 - l og  K = 
P 

where P = pZnSe + pZn + pSe 

The d e t a i l e d  ca l cu la t ions  are reported i n  Appendix 11. 

Since the main i n t e r e s t  i s  a c t u a l l y  d i r ec t ed  towards ZnSe, only the  
r e s u l t s  f o r  t h i s  compound are summarized i n  Figure 7 ,  represent ing the 
molecular concentration of specie  i a t  a source temperature T ,  as ni = f ( T ) ,  
from the r e l a t i o n ,  

(1) - 2  -1 c m  sec 'i 

i (27TmikT)1'2 
n =  

I t  i s  seen t h a t  t he  molecular concentration from the  evaporating compound 
i s  f a r  below the  values  of any of the  two components. 

Present  nucleat ion theo r i e s  do n o t  permit a s t ra ightforward approach 
i n  ca l cu la t ing  condensation parameters , for  binary vapors. Actually a 
purely experimental approach w a s  followed i n  evaluat ing the e p i t a x i a l  
deposi t ion of ZnSe and ZnTe. 

10 



0 

a 
v) 

R -26,646 11 



R-26,939 
1 2  

Figure 7 
EQU I L  I B R  I UM C O N C E N T R A T  I O N  



The main o b j e c t  of t h i s  phase of the work w a s  f i r s t  t o  assess the r o l e  
of t h e  s u b s t r a t e  temperature vs. t he  molecular concen t r a t im  (eq. 1) on the  
f i l m ' s  stoichiometry. The second s t ep  w a s  t o  i nves t iga t e  the  interdepen- 
dence between s u b s t r a t e  temperature, molecular concentration, and angle of 
vapor incidence on the f i l m  c r y s t a l l i z a t i o n .  

During evaporation of any 1 1 - V I  compounds, d i s soc ia t ion  occurs and the 
compound r e c o n s t i t u t e s  i t s e l f  during condensation by chemical associat ion 
between elements. I t  i s  w e l l  e s t ab l i shed  t h a t  t h i s  occurs even when the  
condensation temperature i s  w e l l  above the c r i t i c a l  condensation temperature 
of the elements, i r r e s p e c t i v e  of the  vapor concentrations. 

The cu r ren t  procedure adopted i n  t h i s  work w a s  t o  keep one s w r c e  a t  a 
constant  pressure,  while the  o the r  w a s  used as the  va r i ab le ,  f o r  each new 
s e t t i n g  of s u b s t r a t e  temperature. 

The condensation rate of the  ZnSe compound i s  shown i n  Figure 8, on 
which s toichiometr ic  range has been plot ted.  Each f i lm w a s  evaluated f o r  
composition by X-ray fluoroscopy; the r e s u l t s  of these measurements are 
shown i n  Figure 9. The dev ia t ions  from stoichiometry i s  shown t o  increase 
r ap id ly  as a funct ion of vapor composition. 
f o r  s eve ra l  condi t ions,  f i r s t ,  the lower c r i t i c a l  condensation temperature 
f o r  Se compared t o  Zn. Secondly, i t  w a s  observed t h a t  a higher Se content 
i n  the  impinging vapors favors  one p a r t i c u l a r  c r y s t a l l i n e  s t ructure .  The 
dens i ty  of trapping cen te r s  i n  1 1 - V I  compounds i s  s t r u c t u r e  s e n s i t i v e  and 
w a s  found t o  increase with increasing contr ibut ion from mixed c r y s t a l l i n e  
phases. 

The l a rge  r a t i o  SefZn accounts 

I t  can be seen from these measurements t h a t  stoichiometry occurs only 
i n  a f a i r l y  narrow range of vapor concentrations f o r  any condensation temper- 
a t u r e  experimented with. 

C r y s t a l l i n e  S t ruc tu re  

Both ZnSe and ZnTe are known t o  have pol  o r  h i c  s t r u c t u r e s ,  i.e., they 
both can occur i n  cubic and hexagonal phases. E2)Yl3) As a guide t o  s t r u c t u r e  
i d e n t i f i c a t i o n ,  t he  p o s i t i o n  of the  main planes of a ZnSe c r y s t a l  are ind i -  
cated as a funct ion of t h e  r e f r a c t i n g  angle i n  Figure 10. I n  these f i g u r e s  
the  r e spec t ive  r e f l e c t i o n  i n t e n s i t i e s  a r e  shown f o r  both cubic and hexagonal 
p lane  s . 

Along wi th  t h e  c r y s t a l  plane i d e n t i f i c a t i o n ,  the procedure involved 
an evaluat ion of the degree of c r y s t a l l i z a t i o n  of t he  f i lms  co r re l a t ed  with 
the  processing parameter s. 

13 
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Plane spacings i n  Debye Scherrer  photographs w e r e  ca lcu la ted  by S t r a m a n i s '  
method: i n  these,  o r  i n  d i f f rac tometer  recordings,  the  CuKa wavelength(14) 
w a s  used throughout. 
of Laue spots  w a s  made from Kedesy method.(lfj) 

I n  back r e f l e c t i o n s ,  ca l cu la t ion  of pos i t i on  and ind ices  

A t t e m p t s  t o  use Scherrer t  s equation, f o r  c r y s t a l l i t e  s i z e  determinat ion,  
from, (16) 

0.9A 
p c o s  8 D =  

( 8 Bragg angle; p hal f  breadth;  = CuK 01 
proved t o  be too cumbersome t o  manipulate i n  most cases. A simpler,  though 
q u a l i t a t i v e  method(l7) w a s  used instead.  

On back r e f l e c t i o n  Laue photographs, a parameter R def ines  the  degree 
of c r y s t a l l i z a t i o n ;  i t  i s  given the value 0 f o r  p a t t e r n s  showing only 
d i f fused  r ings ;  a value of 25 i s  assigned to  R f o r  mixed r i n g s  and spo t s  
p a t t e r n  i n  which the  r i n g  aspec t  predominates; 50 f o r  R i nd ica t e s  that  spo t s  
and r i n g s  have i d e n t i c a l  i n t e n s i t i e s ;  75 i s  assigned t o  mixed p a t t e r n s  where 
the  spots  predominate; f i n a l l y  R i s  equal 100 for spo t s  p a t t e r n  only. 

The s lope of the  s t r a i g h t  l i n e  descr ib ing  R = f (TI  w a s  obtained from 
l e a s t  square method, from, 

yR - n C X Y -  Z X  Z : Y  - -  A 

with n, the  number of experimental points .  

A graphica l  r ep resen ta t ion  of t h i s  func t ion  i s  given i n  Figure 11 i n  a )  
f o r  ZnSe, and i n  b )  f o r  ZnTe. 

Back r e f l e c t i o n  Laue spo t s  from p e r f e c t  c r y s t a l s  are sharp, while a rc ing  
of the  spo t  r evea l s  that  the depos i t  conta ins  nuc le i  r o t a t e d  about the  normal 
t o  the  specimen plane. Fine r i n g s  ind ica t e  a w e l l  defined s t r u c t u r e  b u t  made 
up of small c r y s t a l l i t e s .  
i l l u s t r a t e  the  var ious  s t e p s  i n  the  process  f o r  ZnSe and i n  Figure 16  and 1 7  
f o r  ZnTe. 

The Laue photographs shown i n  Figure 1 2  to  15  

1 7  
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Figure 1 2  a> corresponds t9 a subsf ra te  tenqqrature o f  150OC and 250% 
f o r  b) ,  

Figure 13 c )  and d)  were obtained for  an i d e n t i c a l  subs t ra ta  temperature 
b u t  a t  d i f f e r e n t  inc ident  nZn, they shsw c l e a r l y  varyiqg 
cont r ibu t ions  of the hskagonal phase. 

a f i lm o f  ZnSe o f  thi@cnE:sp aropnd 1500 il , 
shows an increaaed orgmizat iom i n  the  nuclei  towards a 
cubic s t r u c t u r e ,  although the hexagonal contr ibut ion i s  
s ti 11 s ign i  f i canf . 

Figure 14 e> shows the  r e f l e c t i s n  prQduced by the  <€I QJ.> qapphire wifh 

f )  

Figure 15  g>  shpws only the pain plane of the cubic phase with the three 
f o l d  symmetry of C l l l r  ZnSe wel l  defined; although mong- 
c r y s t a l l i n e  s f ruc tu re  i s  not  a t t a iqed  a Glsar tendency t o  
th ree  dimensional organipat6an i s  v is ib le .  

h) wi th  the  s l i g h t l y  elongated spots i nd ica t e s  a near pe r fec t  
epi taxy a subs t r a t e  temperature af r(00'C. 
t a i n s  only the  cubic phase. 

This f i lm con- 

The following conclusions summarize the observat ions mad$. Snoreaaed 
concent ra t ian  i n  the  impinging vapor favors  the  formation of the hexagonal 
phase, a s  does condensation a t  low subs t r a t e  temperature. 
phase could no t  be obtained within the  angle of incifience achi ved i n  t h i s  
work. Grazing incidence t o  produce the hexagonal modificqtion 718) was not  
v e r i f i e d  i n  t h i s  work. 
t i v e  t o  composition of the  impinging vapors. Fpcess $e a s s i s t s  i n  forming 
a pure cubic  phase, which i s  the only s t r u c t u r a l  phase found i n  the  f i l m s  
a t  temperatures above 40QOC. 

A pure hexagonal 

The hexagonal phase hae been found tq be vore sensi-  

On etched sapphire subs t r a t e s  c u t  i n  the  basa l  plane,  ZnSe f i lms ,  
Similar procedure 

The 

The p e r f e c t  s t r u c t u r e  oE thc  e p i t a x i a l  f i lm  on sapphire shown i n  

wel l  adherent,  have been grown up to 0.04Q" thickness. 
has been appl ied t o  ZnTe, whose funct ion R i s  show i n  F i g w e  11 b) ,  
in f luence  of subs t r a t e  temperature on c r y s t a l l i z a t i o n  i s  shown i n  Figure 1 6  
and 1 7 ,  
Figure 1 7  d )  has been obtained a t  a condensation temperature above the value 
a t  which ep i taxy  sets, p re sen t ly  a t  42S°C* 
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Electroluminescent Devices 

a) Cons t ra in ts  i n  11-VI Devices 

A s  s t a t e d  earlier, amphoterism i s  not  achievable i n  large band gap materials 
a t  least t o  an ex ten t  where comparable conduct iv i t ies  f o r  both p and n type 
of carriers are obtained, 
f o r e  be proport ional  t o  t h e  lowest of t he  two concentrations. 

The a v a i l a b i l i t y  of r a d i a t i v e  centers  w i l l  there-  

All des i r ab le  11-VI compounds are predominantly n type,  except f o r  ZnTe, 
t he  only p type material i n  the  series which however has  a lower conductivity 
and i s  a poor phosphor, 

Dissimilarities i n  band gaps, i n  l a t t i c e  spacings,  i n  e l ec t ronega t iv i t i e s ,  
i n  s o l u b i l i t y  of dopants, i n  thermal c o e f f i c i e n t s  of expansion have prevented 

compound. 
s t i l l  has most of these  shortcomings and r a d i a t e s  only i n  the  yellow p a r t  
of the  spectrum, 
form, during the  course of t h i s  work. 

t he  formation of abrupt homojunctions, by a l l o y  
ZnTe heterojunct ions formed with CdS 

This  a l loy ing  has not  been successful ly  achieved i n  f i lm 

The reduct ion of ohmic lo s ses  r equ i r e s  both a high conduct ivi ty  and very 
t h i n  p and n regions. The former requirements i s  hardly achievable when deep 
l eve l s  are introduced i n  the  band gap by doping impurit ies(24).  Only a t  very 
high concentration can impur i t ies  bands merge with the  main band and improve 
the  e f f i c i ency  a t  high cur ren ts ;  t h i s  however lowers the  junct ion e f f ic iency  
a t  low exc i t i ng  voltage. 
by s o l u b i l i t y  and segregation coe f f i c i en t s  of doping impuri t ies ,  

U l t i m a t e l y  t h e  maximum conductivity w i l l  be l imi ted  

Un t i l  b e t t e r  i n t e r f ac ing  between p and n ,  11-VI compounds can be secured 
with s t i l l  unknown methods of explo i t ing  defec ts  chemistry these  heterojunc- 
t i o n s  w i l l  remain i n e f f i c i e n t  devices. 

b) Heterojunctions Produced 

Two d i f f e r e n t  types of heterojunct ions w e r e  inves t iga ted  during t h i s  
work, one based on a p in  s t ruc tu re ,  t he  other  by using I-VI compound, or  a 
111-V compound as t h e  p type region. 

Pin S t ruc ture  

The f i r s t  type of junct ion inves t iga ted  had a co-planar configurat ion 
with e lec t rodes  of indium and platinum s ide  by s ide  cnto a f i lm of gallium 
doped ZnSe. A s i m i l a r  approach has a l ready been discussed(25) t h a t  r e l i e s  
upon a p o t e n t i a l  b a r r i e r  created by a high work funct ion m e t a l  i n  contact 
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with ZnSe v i z  ZnSe-Pt. The other e lec t rode  material has a low work funct ion 
which r e s u l t s  i n  an ohmic contact  with the semiconductor. 

gain t h e i r  k i n e t i c  energy i s  expressed by (25) , 
The he ight  of t he  p o t e n t i a l  b a r r i e r ,  @ through which the  charge carriers 

qvD = Q, = 
+S 

with: V the d i f fus ion  po ten t i a l ;  q the  elementary charge; the metal 
work funct ion;  56, t he  semiconductor work funct ion,  (b =%E 

F F e lec t ron  a p f i n i t y ,  i t s  band gap afid Fermi level. 

D 
where 4 s  - E with X, E and E respec t ive ly  tf?e semiconductor t F '  X = @ - E  = 

The surface state inf luences profoundly the  work functions of both m e t a l  
and semiconductor, as a r e s u l t ,  the  p o t e n t i a l  b a r r i e r  i s  seldom calculable  
from the  work funct ion above. 

The c h a r a c t e r i s t i c s  of such junct ion a r e  access ib le  through b a r r i e r  
capacitance measurements, from derivat ion of Poisson's equation: 

--E d2 @ (2) 

dx2 - 

with: 
Nd the  donor densi ty;  E t h e  d i e l e c t r i c  constant of ZnSe; 
permi t iv i ty  we have 

= (PD + V) a t  x = d;  d the  b a r r i e r  thickness;  V the  applied vol tage;  
free space 

€ 0  

Nd d2 
(v, + v) = ' 

2 € E o  

Since the  charge Q per u n i t  area i s  

the  junct ion capacitance follows from 

the  thickness  of t he  b a r r i e r  i s  obtained from equation (3 )  as 

( 3 )  
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Equation (4 )  may be wr i t t en  i n  t h e  form, 

from which t h e  carrier concentrat ion gives 

2 dV 

‘€0 d(l/C2) 
Nd =- ( 8 )  

2 
D’ ext rapola t ing  1 / C  t o  zero gives t h e  value of t he  d i f fus ion  p o t e n t i a l  V 

The cur ren t  
represented by 

vol tage  r e l a t ionsh ip  i n  such electroluminescent 

where t h e  sa tu ra t ion  cu r ren t  I i s  obtained from the  equation 
0 

diode, i s  

(9) 

(10) 

with m* t h e  e f f e c t i v e  mass; k Boltzmann’s constant ,  h Planck’s constant ;  T 
t h e  temperature, 

The p robab i l i t y  of generating electroluminescence by f i e l d  i o n i z a t i  n 
when operat ing t h e  diode i n  the  reverse  d i r ec t ion  may be ca lcu la ted  from ?27) 

with E t h e  f i e l d  s t r eng th  E =(2VD + V)/d across  t h e  junct ion;  dn t h e  nea res t  
neighbor d i s t ance  dn = a */4 with a 
5.658h. 

t h e  l a t t i c e  constant  of ZnSe a = 
0 0 0 

-1 Measurements w e r e  performed with a Boonton bridge a t  1Mc sec with a 
b u i l t  i n  DC power supply providing the  vol tage  V, The capacitance of a 
junct ion area approximately 5 x lom3 cm2 has  been p l o t t e d  as a funct ion 
of vo l tage  Figure a) introducing t h e  cons tan ts  E = 8.7 f o r  ZnSe; 
8-85  x 
t r a t i o n  Nd M 10l8  

- 
€0 - Fd cm-’8:n t h e  funct ion 1 / C 2  I f(V) y i e l d s  a carrier concen- 

with about one order of magnitude discrepancy from 
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r e s i s t i v i t y  measurements. 
s ion  vol tage  of 1.98 v o l t  i s  found, whereas ex t rapola t ing  the  func t ion  cur- 
r e n t  vo l tage  Figure 19 ,  a value of 2.1 v o l t s  i s  obtained; t he  discrepancy 
between the two va lues  i s  s m a l l  and w e l l  wi thin t h e  e r r o r s  due t o  t h e  s m a l l  
junc t ion  area. 
E 4  x 
vol tage  approaches 20 vol t s .  

From ext rapola t ion  of 1/c2, Figure 18(b) ,  a d i f f u -  

With a b a r r i e r ' s  thickness  ca lcu la ted  from equation ( 6 )  of 
cm the  p r o b a b i l i t y  from equation (11) approaches un i ty  as the  

The cu r ren t  vo l tage  r e l a t ionsh ip  f o r  t h e  diodes t e s t e d  i s  shown i n  
Figure 19 and emission spectrum p l o t t e d  a t  room temperature i n  Figure 20. 

The br ightness  has been measured by br inging i n  the  v i c i n i t y  of the  
diode sur face  a f i b e r  o p t i c s  coupled with t h e  photomult ipl ier  of a Gamma 
photometer. The br ightness  has been p lo t t ed  as a funct ion of the  diode 
cur ren t  i n  Figure 21. 
t o  t h e  cur ren t  within the  range of cur ren t  invest igated.  

This  p l o t  i nd ica t e s  a l i g h t  i n t e n s i t y  proport ional  

The e f f i c i ency  of t h e  electroluminescent diode was evaluated, taking 
i n t o  account t h e  s p e c t r a l  response and the  s teradiancy between junc t ion ' s  
plane and f i b e r  o p t i c s  from 

SSQ 
1.26L k =  (12) 

where K r ep resen t s  t h e  number of quanta emitted per second; Q t h e  in t eg ra t ed  
quantum output i n  d h ;  L the  luminosity f a c t o r  of t he  spectrum; B t he  
br ightness  i n  foo t  Lambert. 

The measurements were repeated within the  l i n e a r  range shown i n  Figure 
21 t o  give 

x 100 = e f f i c i ency  i n  percent  (13) 
1 

with i t h e  cur ren t  i n  amperes. 

The e f f i c i ency  of the  diode t e s t e d  was found t o  vary between 0.1 t o  
0.05 percent ,  i.e. 10 4 or  more e l ec t rons  per photon. A photograph of the  
model i s  shown i n  Figure 22. 

111-V - 11-VI St ruc tu re  

This  form of he te ro junc t ion  i s  expected t o  provide a s e t  of condi tLms 
more favorable  f o r  an e f f i c i e n t  i n j e c t i o n  mechanism than e x i s t i n g  i n  other  
models. 
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Heterojunctions based on other  than 1 1 - V I  om ounds, f o r  example, 
Cu2-Se-ZnSe have already been experimented with 1287 . 

The conduct ivi ty  of 30 mhos of p type copper chalcogenide deposited 
upon ZnSe crystals can provide a higher holes  in j ec t ion  rate than fram ZnTe. 

Furthermore near  pseudo epi taxy can be expected between Cu2Se and ZnSe 
s ince  both belong t o  t h e  same c r y s t a l l i n e  space group with near ly  i d e n t i c a l  
lat t ice spacings. 
accounts only f o r  2 percent. 
between the  two compounds 

I n  f a c t  t he  mismatch between nea res t  neighbor d is tances  
However, a l a rge  band gap discrepancy e x i s t s  

though CupSe i s  not  p rec i se ly  known and does 
not  f i t  t h e  r e s u l t s  from z 28f 

N a  - N c  
Z c  + Z a  Eg = C (14) 

with N valence and Z atomic number of ca t ion  and anion with C = 43 f o r  Eg 
i n  e.v. 

The value of 0.5 - 0.7 e,v. assumed (28) on the  other  hand f i t s  t he  
d i f fe rence  i n  e l ec t ronega t iv i t i e s .  

The o p t i c a l  p rope r t i e s  of CuZSe imply a very poor ex terna l  e f f i c i ency  
f o r  t h i s  s t ruc tu re ,  somewhat lower than those obtained with the  worst of 
t he  p in  junc t ions  tes ted.  

I n  an attempt t o  provide a high hole  in j ec t ion  i n t o  n type ZnSe, inves- 

20 

t i g a t i o n  w a s  d i r ec t ed  towards a s t ruc tu re  based on t h e  combination AlAs-ZnSe. 

Aluminum arsenide i s  a p type semiconductor with a hole  densi ty  of 10 -3 
s a crystal  s t ruc tu re  and nea res t  neighbor d is tances  i d e n t i c a l  2 Zk:t3B’. Both ZnSe and A l A s  have nearly i d e n t i c a l  coe f f i c i en t s  of expan- 

s ion  and hardness,  t h e  i n d i r e c t  band gap of 2.25 e,v. of the  lat ter com- 
pound should provide a much b e t t e r  f i t  with ZnSe than Cu Se  does. 2 

The bulk of t h e  e f f o r t  devoted t o  t h i s  approach w a s  d i rec ted  towards 
the  epi taxy of both compounds and t h e  formation of campatible thickness,  

L i t t l e  d a t a  has  been published on t h i s  highly r eac t ive  compound and 
some d i f f i c u l t i e s  have been experienced during i t s  vacuum evaporation. 
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CORNIRATION 

CONCLUSIONS 

During t h e  course of t h i s  work s i g n i f i c a n t  progress has been achieved 
i n  reducing s t r u c t u r a l  defec ts  i n  evaporated chalcogenide films, 

Deposition over l a rge  areas of monocrystall ine f i lms  of ZnSe, by epitaxy 
over Sapphire subs t r a t e s  have been successful ly  completed, 

Doping the  hos t  crystal  by coevaporated elements has yielded conducti i t y  9 between 5 t 10  mhos with mobil i ty  a t  room temperature grea te r  than 300 cm 
vol t -1  sec  -P - 

The formation of r e c t i f y i n g  b a r r i e r s  from p in  s t ruc tu res  has  r e su l t ed  
i n  devices operable a t  low vol tage with an e f f i c i ency  between 0.1 t o  0.05 
percent 

Work on a new form of p-n junct ion has been i n i t i a t e d  during t h i s  period, 
Although the  preliminary r e s u l t s  have not  been presented i n  t h i s  r epor t ,  the 
approach seems very p r m i s i n g  f o r  a greater e f f i c i ency  i n  carrier i n j e c t i o n  
e le  c t r  olumine scence. 

I n  view of these  r e s u l t s ,  it i s  believed t h a t  t he  heterojunct ion approach 
between Aluminum Arsenide and Zinc Selenide w i l l  lead t o  a much higher y i e ld  
a t  a lower d r iv ing  power, 
development s tep  , 

This approach should be pursued i n  the  next 
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EVAF'ORAT ING SOURCES CONFIGURATION 

Defects caused by vacancies which are inherent in chalcogenides 
may originate from different causes: first, during production of the 
compound, the chalcogene may assume a polymeric form, inactive in the 
mass actiw equilibrium and the higher molecular state which prevents 
diffusion in the lattice; second, the crystallizing compound, even when 
stoichiometrically perfect, may still assume more than one steric coupling 
and thereby exhibit several scattering modes; the ability to form neutral 
pairs increases with the amount of ionic bonding in the crystal. 

In order to prevent the large concentration of Zn vacancies 
that would result from the dissociation of ZnTe during evaporation o f  the 
compound, a new type of evaporating source has been designed to evaporate 
the individual elements simultaneously and satisfy stoichiometry and mass 
action laws during the gaseous phase. 
separate control over the equilibrium constant of each element but also 
obtain their equal distribution on the substrate. 

This source must not only provide 

The rate of effusion, from kinetic theory is given by 

P 

(21-r RMT>$ 
N =  s 
0 

and the number of emitted molecules landing on the substrate is 

N = No exp h/h 

where, P 
Gibbs' law; with M, the molecular weight, and R,  the gas constant per 
mole, h the distance substrate-source and , the mean free path. 

is the vapor pressure at the temperature T obtained from 
S 

with k, Boltzmann's constant and 6, the diameter of evaporating 
atoms or molecules, 

S = 1.32 x ( ; ) l l 3  

In what follows agsumption is made that h 2 h. 
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I 

h 

The d i s t r i h u t i o n  along an a x i s ,  x,  o r ig ina t ing  from a poin t  d i r e c t l y  
above the  source w i l l  vary according t o  the  source configurat ion,  
hence, f o r  a po in t  source 

and 

In  order  t o  secure the  same concentrat ion of Zn and Te a t  any 
poin t  x, the  two sources must have exact ly  the  same o r i g i n ,  which 
obviously precludes the  use of sur face  source which can only be used 
s i d e  by s ide.  

To s a t i s f y  concentrat ion and thickness  uni formi t ies  over l a rge  
x va lues ,  the  evaporator conceived f o r  t h i s  task  cons i s t s  of two c i r c u l a r  
and concentr ic  sources. They a r e  ind iv idua l ly  heated by rad ia t ion .  See 
f igu res ,  23, 24 and 25. 

With t h i s  geometry f o r  t he  source,  which presents  a common and 
c i r c u l a r  o r i f i c e  of evaporation, t he  cont r ibu t ion  t o  the  coat ing a t  a 
poin t  x ,  from a length  of evaporation RdB w i l l  be proport ional  t o  

X 
RdB cosa 

D2 

with c o s a =  - h 
D 

and D = (x2+R2+h2 - 2xRcosp)’ 

t he  coat ing a t  x can then be 
erpressed by 

-3 
l<:’+R2+h’ - 2xRcosL3) 7 d p  

which a f t e r  expansion i n  powers of C o s B  and i n t e g a t i o n ,  g ives  a s e r i e s  
whose terms can be expanded i n  powers of x. The v a r i a t i o n  i n  coat ing as 
a funct ion of x can then be obtained i n  t e r m s  of h and R only. 
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EXPERIMENTAL WORK 

The production ZnSe f i lms  i n  vacuum w a s  attempted by two 
methods: by evaporating the  compound simultaneously with one element, 
a l t e r n a t i v e l y ,  by coevak,,ration of t he  t w o  elements from separa te  sources. 

The f i r s t  method involves much higher  temperature f o r  a much 
l o w e r  vapor dens i ty  than with the  second and than with t h e  second and 
the re fo re  implies  d i f f i c u l t i e s  i n  growing f i lms  of s u i t a b l e  thickness.  

I n  the  second method, adequate vapor dens i ty  i s  achievable 
a t  much lower temperature bu t  a t  low temperature, Se i s  mostly 
hexatomic, 

Since condensation of ZnSe i s  only poss ib le  when equal con- 
cen t r a t ion  i s  achieved, l a r g e  excess of Se o r  Zn w i l l  prevent formation 
of t he  compound on the  subs t r a t e ,  and the  r a t e  of f i lm  deposi t ion w i l l  
be proport ional  to  the  lowest concentration. 

The e x p e r i m e n t ~ l  work w a s  performed i n  the  two methods, by 
using 2 coaxia l  sources,  with symmetry of revolu t ion ,  and a common 
Knudsen's ape r tu re ,  i n  the  form of a s i n g l e  coaxia l  gap corresponding t o  
a t o t a l  area of evaporation of 6.28 cm2. 

The s t r u c t u r e  of t he  sources i s  such t h a t  they can opera te  
a t  d i f f e r e n t  temperatures without i n t e r a c t i o n  between each other.  

I n  e i t h e r  method of f i lm depos i t ion ,  the  source containing 
the  selenium i s  provided wi th in  i t s  annular trough with a t h i n  tungsten 
f i lament  heated by an independent power source,  a t  a temperature wel l  
above the  temperature of the  m e l t .  

The hea t  of sublimation Hs of t he  monomer provided t o  the  
vapor by t h e  tungsten f i lament  i s  obtained from the  cycle. 

H (Sex> = 2 Hs (Se) - Do (Sex) Kcal mole-' 
S 

with Do the  d i s s o c i a t i o n  energy * 

* 
** D.R. S t u l l  & G.C. Sinke V o l .  18 Adv. Chemistry S e r i e s  Am, Chem. S O C .  

A.G. Gaydon, Dissociat ion Energies Chapman & H a l l  Ltd. London 1953 
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CORWRATION 

The hea t  removed from the  fi lament by conduction through the  
With Do gas i s  proport ional  t o  the  fi lament area and i t s  temperature. 

i n  t he  v i c i n i t y  of 3.5 e.v. t he  surface of t h e  fi lament would impose 
some r e s t r i c t i o n  on the  gas flow through the  Knudsen's gap. I n  order  
t o  minimize the  s i z e  of the  fi lament and operate  a t  temperature where the  
vapor pressure from the  fi lament i t s e l f  can be completely neglected a 
small po ten t i a l  i s  applied between the  trough and the  filament. 
d i s soc ia t ion  of the  hexamer r e s u l t s  therefore  from a double process of 
surface ion iza t ion  and an e lec t ron  c o l l i s i o n  process. 

The 
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CHEMISTRY OF 1 1 - V I  COMPOUNDS 

The third law method has been applied in obtaining the 
compounds vaporization constants from the solid-gaseous reaction. All 
11-VI compounds melt at high temperatures and it is generally admitted 
that, at the melting point, the chalcogenes are dimeric, hence the reaction 
is written, taking Zn Te as example, 

with the equilibrium constant for the reaction 

k = P  P Kp Zn Te ( 2 )  

The vapor pressure Pminover the congruently subliming compound 
irer, when the composition is stoichiometric, is related to the equili- 
brium constant K by 

P' 
113 113 

P 
= 3 2  K - 

2 min P 

where K is obtained from Gibbsf relation 
P 

GT = HT - TST 
GT = RT In K 

P 
Afef + AHT 

a. - 
or, log K = - T 

4.576 P 
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with fe f  = - T 1 l9: CpdT - 18T 9 d T  T - '298 

The A ' s  i n  (4)  represent  t he  d i f f e rence  i n  f r e e  energy and enthalpy 
between the  values obtained f o r  t he  gaseous and s o l i d  phases. 
capaci ty  Cp w a s  ca lcu la ted  from Kubashewski's method *. 

The hea t  

Since t h e  t o t a l  vapor pressure i n  t h e  dimeric case is: 

P = pZn + p T e 2  

w e  have , 
113 ' 113 

pZn = pTe2 = 2 Kp 

I n  co r re l a t ing  vapor pressures  with Knudsen's d i f fus ion  method, 
f o r  t h e  source described i n  Appendix I, f o r  any spec ies  i, of m a s s  M, 
with m a s s  spectrometry da ta ,  with,  

+ -2 -1 p i  = N i  (2nkTMi) cm sec 

* 0. Kubashewski, E. Evans Metall.  Thermochem. Perganion P r e s s  1958 
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LYIRPIRATION 

+ with N . ,  obtained from the  r a t i o  of ions  i I cu r ren t ,  t o  e l e c t r o n s  
c u r r e n i  I ,  from, 

I+L2 - -  
Ni - YQAI 

with a constant ,  measured f o r  the Vecco u n i t  used i n  these  measurements, 
which lumps together  numerical constant ,  length of e l ec t rons  t r a j e c t o r y  
and f a c t o r  of i o n s  co l l ec t ion .  
A t he  area of t he  source, L d i s t ance  from the  source; Q the i o n s  c ros s  
sec t ion ,  w a s  taken as, 

The s teradiancy i s  taken i n t o  account with 

-16 2 = 16 x 10 cm 

= 25.6 x 10  c m  

Qzn 

QTe 

Zn i n  covalent s t a t e  

Te  i n  same s. p s ta te  

by weight loss method, with: 

-16 2 

T 1 1 2  - 2  -1 W = 5.83 x P. (-) c m  sec 
1 Mi 

i n  both methods, one must take i n t o  account the  complex conductance 
of the coaxial  c e l l ,  which i s  the sum of the  conductances, (1) from the 
c i r c u l a r  trough and, ( 2 )  from the c i r c u l a r  gap with,  

c1 c 2  
c1 + c c =  

2 

The conductance of our c e l l  w a s  c a l cu la t ed  from k i n e t i c  theory of gases,  
€or example, by considering an element of length dL of the  trough, of 
constant  c ros s  sec t ion  A ,  and perimeter €3, with v the flow speed i t  
follows t h a t ,  

V = A V  

Q = P V  = P A v  ( 7 )  

the fo rce  dF ac t ing  on an element of volume V ,  i s  

dF = AdP ( 8 )  
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~,'OUR)RATION 

the  number of c o l l i s i o n s  u per u n i t  a rea  and t i m e ,  from the  evaporating 
molecule$ i s ,  

v =  1 n v  
4 a - 

with v a ,  the mean a r i thme t i c  ve loc i ty .  

8 k T ) 1 / 2  = (- 
v a  7r Mi 

s ince  from the equation of s t a t e s  

V becomes, 

8 kT 1 1 2  (-----I 1 P  v = - -  
4 k T  7r Mi 

and the quant i ty  of motion t ransmit ted 

= BdL V Mi v a  

which, equated with the force (8 )  gives  

BdL P va  
AdP = 

2 ( ;F ) l I 2  
i 

e l imina t ing  P v between ( 7 )  and (9) a 
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BdL Q 
r k T  )1 /2  AdP = 

2 A (- 
2 Mi 

and, 

o r ,  more p r e c i s e l y  with 813 s u b s t i t u t e d  f o r  n, with a length L,  
Figure 26, 

c.g.s. 1 6  k T )1/2 A2 k 
E 3 ( 2 7 r M i  BL (10) 

with C l a u s i n g f s  co r rec t ioq  f a c t o r  k ,  given Table I with the source 
area, A = 
eq. (10) becomes, 

77 4 (D12 - D e t ,  the  source perimeter B = 7T (D1 + D3) 3 

2 2  c = - ( -  7r k T )1 /2  (D12 - D3 k 

(D1 + D3) L 3 27TMi (11) 

s ince ,  from the equation of states,  

PV Q N = - = -  kT kT 

lumping toge ther ,  numerical c o e f f i c i e n t s  and geometric f a c t o r s ,  i n  the 
form of a constant ,  we can w r i t e  (11) as 

the  same procedure a p p l i e s  f o r  any p a r t  of the source where the  conductance 
i s  sought .  

sehematized Figure 26, f o r  the experimental determination of Pmin (eq. 1) 
has yielded the  values  p l o t t e d  i n  Figure 27. These r e s u l t s  are c lose r  t o  
the values  published by (Ref.**) than those previously given i n  (Ref.**4. 

Applying t h i s  approach t o  the complex conductance of the source 
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TABLE I 

Clausing'  s Correct ion f a c t o r  f o r  source geometry 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0.95 0.977 '3Ir1 

k 1 1.04 1.065 1.09 1.11 1.15 1 , 2  1.25 1.34 1.49 1.6 1.7 

Ref. ** R,A. Reynolds, D,G. Stroud, D.A. Stevenson J. Electro.  Chem, SOC, 

Ref. *** Goldfinger 6 Jevnehome WADD TR60782 P a r t  XVIII Nov. 1963 

114,1281.196 7 
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Figure 26 

C O A X I A L  C I R C U L A R  S O U R C E S  

R -26,769 
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TABLE I1 

SUBLIMATION AND PARTIAL PRESSURES OF ZnSe 

OC T 

749 

7 79 

8 0 1  

8 44 

8 76 

917 

9 46 

min P 

3.15 

8.25 

1.89 

3.45 

6.75 

1.24 lo-' 

1.93 10-1 

'Zn 

2.1 

5.5 

1.26 

2.3 

4.5 

8.3 

1 - 2 9  10-I 

2 p~ e 

1 

2.7 

6.3 

1.1 

2.2 

4.15 

6.2 

' Z ~ S  e 

4.6 

8.3 

1 

6 

4.5 

2.8 

1 

The values  given above are i n  add i t ion  t o  t h e  values  p lo t t ed  i n  Figure 7- 
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